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(54) Method and apparatus for electrodeionization of water 



(57) An ..electrodeionization apparatus has an 
anolyte compartment 17 having an anode 11, a 
catholyte compartment 1 8 having a cathode 1 2, concen- 
trating compartments 15, and desalting compartments 
1 6. The concentrating compartments 1 5 and the desalt- 
ing compartments 16 are alternately, fonned between 
the anolyte compartment 17 and the catholyte compart- 
ment 1 8 by alternately arranging a plurality of anlon-ex- 
change membranes 13 and a plurality of cation-ex- 
change membranes 14. The desalting compartments 1 8 . 
are filled with ion-exchanger and the concentrating com- 
partments 15 are filled with ion-exchanger, activated 
carbon, or electric conductor. Electrode water flows into 
the anolyte compartment 1 7 and the catholyte compart- 
ment 18. Concentrated water is introduced into the con- 
centrating compartments 15. Raw water is fed Into the 
desalting compartment 1 6 to produce the deionlzed wa- 
ter from the desalting compartment 16. Watercontalning 
silica or boron at a lower concentration than the raw wa- 
ter Is introduced into the concentrating compartments 
15 as the concentrated water in a direction from a side 
near an outlet forthedeionized water toward aside near 
an inlet for the raw water of the desalting compartments 
16. At least a part of concentrated water flowing out of 
the concentrating compartments 1 5 is discharged out of . 
a circulatory system. 
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Description 

10001 ] The present invention relates to an eleotmdeionteation apparatus, a method of operating an electrodelon^a- 
ticn apparatus, and a system for producing ultra pure water. _ semiconductor production 

10002] Deionlzed water b used for various purposes, for f ' ^'^"^^^^^^ andelectric 
Lnd.iidcrysta.d.p.ayproduction.inindustn^^^^^^ 

power industry, even in households, and in ^^^^''"^■^^^^l^^ Patent No. 2751090. and Japanese 

duce deionlzed water as described in Japanese Patent No. ^ J^^' ^l^^^ which consist of an 

Patent No. 2699256. A conventional electrodeiomzaton ^^^'f^^^ "^^^^^^^^^ 14'. The membranes 

anode 1V and a cathode 12-. -"-"-^-^^^^^^^i^"^^^^^^^^ 15' and desalting com- 

further pass through the membranes to hold J^.'^^^^^^^ 
lnthedesaltingcompartments16'andincreaseintheconcent|«mgW 

of the membranes and the polarities of potenhal 9;,^ ^T^^.^^^^^^^ 

=:rn^s:s=^"= 

from the desalting compartments 16' „„rtmAntirandacatholvtecbmparfment18'.Thewaterflowlng 

zed water (pure water) taken out from the <^^^S^'^^'^^ ouStlntr^d water is circulated Into 
centrated is discharged from the concentrating compartment 15^A^^^^^^ 
the inlets of theconcentratingcompartments15-byapum^^ 

Another part of the concentrated water .s suppLed \° J^^^ '"'"^ °* '^^^^^^^^ p,eventthe ion concentration 

concentrated water is discharged as waste water out f ^'^^"'^^^'J^y^TJ^^^^^^ to the inlet of the catholyte 
in the circulatory system. Water flowing °< 

compartmentlB'.Waterflowing out of the catholyte compartmentis IS discnargea as wasie 

system. .1 -7. ieinworpH rii IP to H+aenerated by dissociation of water. On the other 

[00061 The pH in the anolyte compartment 17 ,s lowered due to H 9^"®^^^^° ^ The acid water flowing out-of the 

[0008] The above conventional electrode onization ^P^'f^'J^?^^^^ apparatus which removes silica and 
ization apparatus which has an anolyte compartment having an anode^^ 

least one concentrating compartment, and at least one ''^f "9/°^/^^^^^ compartment by alter- 
the desalting compartment(s) are fom,ed between ""^^^^"^^^^^^ n,embrane(s). The de- 
nately arranging at least one anion-exchange '"^'"''^^"f > f"'^!' '"^^^^^^^^ is (are) filled with ion- 
salting compartment(s) is (are) filled with '""^''f ^"9^^,^^""^ '3<^ "rtS and the 
50 exchanger, activated carbon, or an electric conductor. Electrode ^^^f,.'^;^^!'"^" Raw water flows into the 
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at least one desalting compartment. The concentrating compartment(s) and the desalting compartmeTni[s) are alter- 
nately fomied between the anolyte compartment and the catholyte compartment by alternately arranging at least one 
anlon-exchange membrane(s) and at least one cation-exchange membrane(s). The desafting compartment(s) Is (are) 
filled with ion-exchanger, and the concentrating compartment(s) is (are) filled with ion-exchanger, activated carbon, or 
an electric conductor. The electrodeionizatlon apparatus further has a device for Introducing electrode water into the 
anolyte compartment and the catholyte compartment; a concentrated water Introducing device for introducing concen- 
trated water into the concentrating cpmpartment(s); and a device for introducing raw water into the desalting compart- 
ment(s) to produce the deionlzed water. The concentrated water introducing device introduces water containing silica 
or boron at a lower concentration than the raw water Into the concentrating compartment(s) at a side. near an outlet 
for the deionized water of the desalting compartment(s). The concentrated water flows out of the concentrating com- 
partments at a side near an Inlet for the raw water of the desalting compartment(s). At least a part of concentrated 
water flowing out of the conceritrating compartments is discharged out of a circulating system. 
[001 2] A system for producing ultra pure water of the present invention has the above electrodelonization apparatus 
of the second aspect of the present invention. . , . 

[0013] Decreasing in silica or boron concentration in the concentrated water flowing into the concentrating compart- 
ment near the outlet for the product water leads to decrease in silica or boron concentration in the product water. 
[001 4] By Introducing concentrated water containing silica or boron at a lower concentration than the raw water Into 
the desalting compartments at a side near the outlet for the deionized water (product water) in a direction, toward a 
side near the inlet for the raw water, the silica or boron concentration of product water is significantly decreased. 
[0015] By Introdudng water having low electric conductivity and high resistivity in the concentrating compartments, 
the electric resistance of the water in the concentrating compartments is increased; 

[001 6] The ion exchanger such as ion-exchange resin, activated carbon, or electric conductor filled in the concen- 
trating compartments reduces the electric resistance of the concentrating compartments, allowing much electric current 
to flow. 

[001 7] H+ ions and OH' ions produced by dissociation of water among the ion-exchange resins cany electric charges, 
so that voltage between electrodes is prevented from rising so as to allow enough current to flow between the electrodes 
even when water having high resistivity such as ultra pure water flows in the electrpdeionization apparatus. 
[0018] Embodiments of the present invention will now be described by way of example only, with reference. to the 
accompanying. drawings, in which:- 

Fig. t is a schematic sectional view showing an electrodeionization apparatus according to an embodiment of the 
present invention; 

F^g: 2 Is a schematic sectional view showing a conventional electrodeionization apparatus; 
Fig. 3a is a perspective view schematically showing an electrodeionization apparatus according to another em- 
bodiment of the present invention; 

Fig. 3b Is a schematic iflow diagram of the apparatus of Fig. 3a; and 

Fig. 4 is a schematic flow diagram of a system for producing ultra pure water in which the electrodeionization 
apparatus of the present invention is employed. 

[0019] An electrodeionization apparatus shown in Fig. 1 has a plurality of anion-exchange membranes 13 and a 
plurality of cation-exchangeunembranes 1 4 which are alternately arranged between the electrodes (anode 1 1 . cathode 
12), concentrating compartments 15, and desalting compartments 16. The concentrating compartments 15 and the 
desalting compartments 1 6 are each defined between the membranes 1 3 and 1 4 and are therefore altemately an-anged 
between the electrodes. The.desalting compartments 16 are filled with an ion-exchanger and cation-exchanger made 
of Ion exchange resin. Ion exchange fibers, or graft exchanger. In the desalting compartments 1 6, the anion-exchanger 
and cation-exchanger are filled in the mixed-state or multiple-layered state. 

[0020] The concentrating compartments 1 5, anolyte compartment 1 7, and catholyte compartment 1 8 are filled with 
electric conductive media such as ion exchanger, activated carbon, or metal. 

[0021] Raw water is introduced into the desalting compartments 1 6. Product water is taken out from the desalting 
compartments 1 6. A part of the product water flows into the concentrating compartments 15 in a direction opposite to 
the flowing direction of the desalting compartments 16 I.e. in single-pass counter-flow manner. Water flowing out of 
the concentrating compartments 15 is discharged out of a system of the apparatus. The concentrating compartments 
1 5 are provided with inlets on the same side of the outlets for the product water of the desalting compartrnents 1 6 and 
provided with outlets on the same side of the inlets for the raw water of the desalting compartments 1 6. Another pait 
of the product water is supplied to the inlet of the anolyte compartment 1 7. Water flowing out of the anolyte compartment 
17 is supplied to the inlet of the catholyte compartment 18. Water flowing out of the catholyte compartment 18 is 
discharged as waste water out of the system. 

[0022] By introducing product water Into the concentrating compartments 15 in the single-pass counter-flow manner 
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removed at an extremely high rate. «v„/.ontrflted water (water flowing out of the con- 

[0023] In the conventional electrodelonlzation apparatus, a part of ^^'^^^^^tfj^^^ THe remain- 

rinzr,ttrr".™r.rf ^^^^^ 

define aHemalely a coneenlraling companm.™ IS and ,54 ,56 oy a paniuon 15s. 

50 flows downwardly in a vertical direction. ^^^itinn i ^^S extendina in a direction crossing the 

mMSrAs Shown In Fig 3b, a part of the product water flowed out of the desalting compartments fe "^'^^^o.^jm 
a Slaton, Sn^^^^ concentrated water flowing section 15B in which the ci«:ulat,on .s conducted by a pump. 
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The part of product water is thus circulated in the concentrated water flowing section 15B nearthe outtSTs for product 
water. A part of circulating concentrated water from the circulatory system is Introduced into a circulatory system of 
the concentrated water flowing section 15A in which the circulation Is conducted by a pump. The part of circulating 
concentrated water is thus circulated In the concentrated water flowing section 15A near the Inlets for raw water. A 
5 part of drculating concentrated water from the concentrated water flowing section 1 5A near the inlets for raw water is 
discharged out of the drculatory system. 

[0036] In the electrodeionizatlon apparatus of Figs. 3a. 3b, after a part of product water enters into a circulatory 
system of the concentrated water flowing section 1 5B near the outlet for product water and Is circulated therein, a part 
of circulated water from the concentrated water flowing section 1 5B enters into a circulatory system of the circulated 

10 water flowing section 15A near the inlet for raw water, Is circulated therein, and Is discharged out of the circulatory 
system. This means that concentrated water is flowed from the side of the outlets for product water to the side of the 
Inlets for raw water and, after that, Is partially discharged out of the circulatory system. Accordingly, the apparatus 
exhibits the same effects- as the case shown in Fig. 1 In which water In the concentrating compartment flows In the 
single-pass counter-flow manner relative to the desalting compartment. 

15 [O037] There may be three or more concentrated water flowing sections defined by partitions in the concentrating 
compartment. In view of the increase in number of partitions or parts and complexity of the apparatus structure, the 
concentrating compartment Is preferably divided into two or three concentrated water flowing sections. 
[0038] The smallest possible thickness of the desalting compartment Is preferable for removing not only silica but 
also boron in the electrodeionizatlon apparatus. The thickness of the desalting compartment Is preferably 5 mm or 

20 less. However, in view of water pemneability and ease of manufacturing, the thickness Is preferably 2 mm or more In 
practice. . :v 

[0039] According to the present invention, required current passes between the electrodes and silica and boron are 
removed at high rate while eliminating the influence of concentration diffusion. The required cun^ent passes In the 
apparatus having the above-described concentrating compartment and the electrode compartments. The cun-ent re- 
25 quired for increasing the removal ratio of silica and boron is a cun-ent value corresponding to current efficiency of 1 0% 
or less. To obtain the removal ratio of silica and boron of 99.9% or more, the required current is a current value preferably 
corresponding to cun-ent efficiency of 5% or less. The cun-ent efficiency is expressed by the following equation: 

30 . Current Efficiency (%) = 1 .31 [flow rate per cell (L/mIn)] 

[[equivalent conductivity of raw water {p.S/cm)l - [equivalent 
conductivity of treated water (^iS/cm)]] / current (A) 

[0040] According to the electrodeionizatlon apparatus of the present invention, required current can be ensured even 
when water having high resistivity is fed as raw water into the electrodeionizatlon apparatus and it is required to de- 
crease further only silica and boron In the raw water. 

[0041] It should be noted that if no current flows in any one of concentrating compartments and electrode compart- 
40 ments in a conventional electrodeionization apparatus, cun-ent does not flow through the apparatus. 

[0042] On the other hand, the apparatus of the present invention can remove silica and boron from raw water having 
high resistivity. Therefore, the electrodeionizatlon apparatus of the present Inventton can treat various kinds of water. 
[0043] For example, th%electrodeionization apparatus can be employed as a primary pure water producing apparatus 
in a semiconductor plant. Even when product water produced by the primary pure water producing apparatus is con- 
43 sumed in small quantities and the remainder is returned to be circulated as raw water so as to make the raw water 
have high resistivity, required current can be ensured. Therefore, the apparatus can be stably started up. 
[0044] Even when a plurality of electrodeionization apparatuses of the present invention are arranged in series and 
raw water is introduced in these apparatus, required cunrent for the subsequent apparatus can also be secured. 
[0045] The electrodeionization apparatus of the present invention can be employed also as a secondary pure water 
50 producing system called sometimes "sub-system" in an ultra pure water producing process. Even when water having 
resistivity of 10 M£2-cm or more is fed as raw water into this apjaaratus, required current can be ensured. Therefore, 
the electrodeionization apparatus of the present Invention can be employed as an alternative to a demminer (non- 
regenerative mixed-bed ion exchange apparatus) as shown in Fig. 4. 

[0046] In the sub-system of Fig. 4, primary pure water having resistivity of 10 MH-cm or more is introduced into a 
55 desalting compartment 2A of the electrodeionization apparatus 2 via an ultraviolet oxidizing apparatus 1 . Product water 
from the electrodeionization apparatus 2 is treated at an ultrafiltration membrane separation apparatus 3 so as to 
produce ultra pure water Taking the entire water balance into consideration, concentrated water from the ultrafiltration 
membrane separation apparatus 3 may be employed as feed water to the concentrating compartment 2B of the elec- 
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trodeionization apparatus 2. Therefore, efficiency for water utilization of a system as a whole can be in-creased. 
[0047] Hereinafter, examples and comparative examples will be descnbed. 

Example 1 

r0048] City water was first filtered with activated carbon, treated by reverse osmosis separator, and ^^^^^^^^ 
ITimbrle deaerator to become raw water having quality shown iri Table 1 . The raw wa^^^^ 
rie^rdSzatlon apparatus of Fig.1 having two desalting compartments and three concentrating '^o'^P^rtm^nte and 
SXoS^ifk«tlon.fheelectrodeionizationapp^^^^ 
ditions. 



[Specification of Eiectrodeionlzation Apparatus] 
[0049] 

Height of Desalting Compartment : 66 cm 
Thickness of Desalting Compartment: 2.5 mm 

Thickness of Concentrating Compartment: 2.5 mm „^uo„„«rocin-7- 
FHIerforDesaltingCompartment: Mixed ion.exchange resin of an^ 

mer fo'r concentrating Compartment : Mixed ion-exchange resin of anion-exchange resin ; cation-exchange resin 
= 7:3(byvolume) 

Filler for Anolyte and Catholyte Compartments : Activated carbon 
25 [Operating Conditions] 
[0050] 
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Current : 2A (Cun-ent Efficiency 4%) 

Desalting Compartment SV : 130 hr^ 

Concentrating Compiartment LV : 13 m/hr 

Product Water: 60 L/hr 

Water in Concentrating Compartment: 9 Uhr 

Water in Electrode compartment: 5 L/hr 

Water Recovery: 81% (= 60 -^ (60 + 9 + 5) x 1 00) 

[0051] product waterflowed at 74L/hr. and 9 LThr of the Product w» introduced^^^^^^ 
paJents in the single-pass counter-fiowmannerandSLThrwassuppliedto the anolyte c 

so that both residual silica and boron were under the detectton limit as shown in Table 1 . 
[OOSrAppSedvoltagefortheaboveexperimentwasgJV^ 

centrating compartment: 1.28V x 3, anolyte compartment: 1.4V. and catholyte compartment: 1.9V. 

Table 1 



50 



55 





Raw Water 


Product Water 


Silica (ppb) 


300 


0.1 or less (under detection limit) 


Boron (ppb) 


10 


0.1 or less (under detection limit) 


Conductivity (^S/cm) 


10 




Resistivity (Wia cm) 




18 



Example 2 

ro0541 DeionizationwasconducteduriderthesameconditiansasExamplelexceptthattheraWwa^^^ 

Lv f dJing sZm silicate into ultra pure water to have sodium silicate concentration of 300 ppb (SiO, conversion). 
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[0055] The raw water contains low ion concentration, so that It is difficult to ensure required currenmowever, the 
product water had high-purity such that silica concentration was 0.1 ppb or less (under the defection limit). 
[0056] Applied voltage for the above experiment was also 9.7 volts In total, that is, desalting compartment: 1 ,28V x 
2, concentrating compartment: 1 .28V x 3, anolyte compartment: 1 .4V, and catholyte compartment: 1 .9V. 

5 

Comparative Example 1 

[0057] An experiment was operated by using the apparatus as shown in Fig. 2 under the same conditions as Example 
1 except that the concentrated water rate was 60 IThr and the concentrated water discharge rate was 9 L/hr. 
10 [0058] The product water had resistivity of 1 7 Ma-cm and silica concentration of 6 ppb. 

[0059] As described above, according to the present invention, the electrodeionization apparatus produces high- 
purity product water in which both silica and boron are removed to a high degree. Conventional electrodeionization 
apparatuses could not sufficiently remove silica and boron. 

15 

Claims 

1 . A method of operating an electrodeionization apparatus which Includes an anolyte compartment having an anode, 
a catholyte compartment having a cathode, at least one concentrating compartment, and at least one desalting 

20 compartment, 

the concentrating compartment and the desalting compartment being fomried between the anolyte compart- 
ment and the catholyte compartment by an-anging at least one an loh-exchange membrane and at least one cation- 
exchange membrane, 

the desalting compartment being filled with ion-exchanger, 
25 the concentrating compartment being filled with at least one of ion-exchanger, activated carbon, and electric 

conductor; 

wherein the electrodeionization apparatus produces deionized water by supplying electrode water Into the 
anolyte compartment and the catholyte compartment; supplying concentrated water into the concentrating com- 
partment; and feeding raw water Into the desalting compartments to producethe deionized waterf rom the desalting 
30 compartment; 

wherein the concentrated water includes at least one of silica and boron at a lower concentration than the 
raw water and the concentrated water is introduced into the concentrating compartment at a side near an outlet 
for deionized water of the desalting compartment and flows out of the concentrating compartments at a side near 
an inlet for the raw water of the desalting compartment, and 
35 wherein at least a part of the. concentrated water flowing out of the concentrating compartment Is discharged 

out of a circulatory system. 

2. A method of operating an electrodeionization apparatus as claimed in claim 1, wherein the concentrated water 
flows In the concentrating compartment in single-pass counter-flow manner relative to the water in the desalting 

40. compartment. 

3. A method of operating an electrodeionization apparatus as claimed In claim 1 , wherein at least one of desalted 
water of the electrodeionization apparatus, treated water produced by further treating the desalted water by another 
apparatus such as an ion exchange apparatus, and ultra pure water Is introduced into the concentrating compart- 

45 ment as the concentrated water. 

4. A method of operating an electrodeionization apparatus as claimed in claim 1 , wherein the anolyte compartment 
and the catholyte compartmerit are filled with at least one of activated carbon, ion-exchanger, and electric con- 
ductor. 

50^ 

5. A method of operating an electrodeionization apparatus as claimed in claim 1 , wherein 

the anode is in contact with a cation-exchange membrane which defines the anolyte compartment, 
the cathode is in contact with an anion-exchange membrane which defines the catholyte compartment, and 
the anode and the cathode are each provided, at least at a side being in contact with the corresponding 
55 membrane, with a porous structure having continuous multiple apertures through which electrode water flows. 

6. A method of operating an electrodeionization apparatus as claimed in claim 1 , wherein the line velocity (LV) of the 
concentrated water in the concentrating compartment is 20 nn/hr or less. 
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7. Amethodofoperatinganelectrodeionteationapparatusasclaimedinclah,1.w 
compartment Is 2-5 mm. 

8 A method of operating an electrodeionization apparatus as claimed in claim 1 . wherein the current has a current 
Jaruf«,atl cSlS^^^^^^^^^^ ofthe electrodeionization apparatus expressed by the following equation .s 1 0% 

or less: 

Current Efficiency (%) = 1 .31 plow rate per cell (Lymin)] 
[[ equivalent conductivity of raw water (jiS/cm)] -[equivalent 
conductivity of treated water (jiS/cm)ll / cunrent (A) 



9. 



A method of operating an electrodeionization apparatus as claimed in claim 8. wherein the current has a current 
value that the current efficiency is 5% or less. 



10. An electrodeionization apparatus comprising: 

an anolyte compartment having an anode; 
a catholyte compartment having a cathode; 

sSo^e^rcr— ^^^^^ 

Ifomied between the anolyte compartmentandthecatholytocompartment by arrangmg at least one anion^ 
exchange membrane and at least one cation-exchange membrane; 

ion-exchanqer with which the desalting compartment is filled; 

Tleast one of ion-exchanger, activated cart^^ 

rSl'iceforintroducingelectrodewater into the anolytecompartmentandthecatholytecompartme^^ 
^'co'ricentrated water introducing device for introducing concentrated water into the concentrating compart- 
Tdeli^^forfeedlng raw water into the desalting compartment to produce the deionized water, 

wherein the concentrated water introducing device introduces water containing at f °« f f f "^ 
boronlt a lower concentration than the raw water into the concentrating compartments at a s.de near an outlet 

for the deionized water of the desalting compartment; 

the Zcentrated water introducing device makes the concentrated wa^ 
nartmpnt at a side near an inlet for the raw water of the desalting compartment; and 

' the i^eirTtrd water introducing device discharges at least a part of the concentrated water flowing out 
of the concentrating compartments out of a circulatory system. 

1 1 An electrodeionization apparatus as claimed in claim 1 0, wherein the concentrated water introducing device intro- 
lilTconcentiated v^^^^^^ into the concentrating compartment in single-pass counter-flow manner relat«,e to 
the water In the desalting compartment. 

12 An electrodeionization apparatus as claimed in claim 1 0, wherein one of the desalted water produced by the eleo- 
froiSzlrn^-paratuM^^^^ 

as?n ton exchange apparatus, and ultra pure water is introduced into the concentrating compartment as the 
concentrated water. 

13 An electrodeionization apparatus as clawed in claim 10. wherein the anolyte compartrnent and catholyte com- 
partment are filled with at least one of activated carbon, ion-exchanger, and electnc conductor. 

14. An electrodeionization apparatus as claimed in claim 10. wherein the anode is In contact with a cation-exchange 
membrane which defines the anolyte compartment. .u^K^^^nartmont and 

the cathode is in contact with an anion-exchange membrane which defines the catholyte compartment 
the anode and the cathode are each provided, at least at a side being in contact with the conesponding 
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membrane, with a porous structure having continuous multiple apertures through which electrode water flows in 
the anolyte compartment and the catholyte compartment. 

15. An electrodeionization apparatus as claimed in claim 10. wherein the line velocity (LV) of the concentrated water 
in the concentrating compartment is 20 m/hr or less. 

16. An electrodeionization apparatus as claimed In claim 10, wherein the thickness of the desalting compartment is 
2-5 mm. 

17. An electrodeionization apparatus as claimed in claim 10, wherein the current has a cun^ent value that the current 
efficiency of the electrodeionization apparatus expressed by the following equation is 10% or less: 

Current Efficiency (%) = 1.31 [flow rate per eel! (LVmin)] 
[[ equivalent conductivity of raw water (jiS/cm)] -[equivalent 
conductivity of treated water (jtS/cm)]] / cun^ent (A) 

18. An electrodeionization apparatus as claimed in claim 17, wherein the current has a cun-ent value that the current 
efficiency is 5% or less. 

19. A system for producing ultra pure water comprising the electrodeionization apparatus as claimed in claim 10. 

20. A system for producing ultra pure water as claimed in claim 19, further comprising an ultrafiltration membrane 
separation apparatus into which deionized water from the electrodeionization apparatus is introduced, wherein 
concentrated water from the ultrafiltration membrane separation apparatus is introduced into the concentrating 
compartrnent of the electrodeionization apparatus. 
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